Kalman filtering-based in-flight alignment heavily relies on coarse alignment to obtain a sound initial attitude; otherwise the subsequent fine alignment cannot achieve a reliable and satisfying result. In order to strengthen the rapid response capability, it is necessary to have an integrated system combining an airborne global navigation satellite system (GNSS) with strapdown inertial navigation system (SINS) to implement coarse alignment on a moving base. Due to complicated flight dynamics and strict load constraints of UAVs, in-flight coarse alignment is much more difficult than ground coarse alignment. Moreover, the introduction of a low-cost micro-electro-mechanical system-based SINS (MEMS-SINS) with high noise, which is suitable for UAV applications with advantages in cost-effectiveness, lightweight, miniature design, low power consumption and survivability, makes it more challenging. In this paper, a novel in-flight coarse alignment aided by GNSS is derived to obtain the initial attitude based on quaternion. Velocity and its differential information from GNSS and specific forces from MEMS-SINS are compared to obtain an analytical solution for the initial angles. A flight test is conducted to test the new algorithm. The results indicate it can achieve 11.5 deg (1·) accuracy for heading, and 5.7 deg (1·) accuracy for level angles (i.e., roll and pitch). As a nice in-flight coarse alignment, it can guarantee accurate and reliable fine alignment afterward.
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Introduction
Alignment is the process whereby the orientation of axes of a strapdown inertial navigation system (SINS) is determined with respect to the reference frame. Accurate alignment is crucial to maintaining precise navigation over a long period of time without any aid.
1) The alignment of position and velocity is easy to achieve with the help of external observation, such as a global navigation satellite system (GNSS). Generally, the alignment process is divided into two consecutive stages: coarse and fine alignment. The Kalman filtering-based fine alignment methods largely depend on a sound initial attitude determined by coarse alignment. This is because a state error model necessitates small misalignment angles to realize linearization during the fine alignment process; otherwise large linearization errors will deteriorate or destroy the performance of the Kalman filter. This fact demands coarse alignment to estimate the vehicle's attitude to the accuracy of a few degrees before the start of fine alignment.
As for traditional airborne high-precision SINS, coarse inflight or in-motion alignment can be conducted on the ground and fine alignment only implemented after take-off. When this kind of SINS is stationary or quasi-stationary, a coarse attitude can be derived from the accelerometer/gyro measurements using analytic methods. [1] [2] [3] Although the level angles (i.e., roll and pitch) can be obtained from accelerometer measurements on the ground, it is more difficult for lowprecision SINS to determine the heading on a static base, which is usually aided by a magnetometer.
2) Obviously, the above methods for two kinds of SINS cannot obtain a vehicle's coarse attitude when the carrier is in motion. Due to the complicated flight dynamics and disturbances, the attitude information from an aiding source (e.g., GPS or magnetic compass) cannot guarantee reliable and accurate fine alignment. However, in order to strengthen the rapid response capability and realize in-flight fault recovery, it is necessary to implement in-flight coarse alignment in both commercial aviation and military applications. 4) Moreover, the introduction of a low-cost MEMS-SINS with high noise, which is suitable for UAV owing to its advantages in cost-effectiveness, lightweight, miniature design, low power consumption and survivability, makes it more challenging. Similarly, for MEMS-SINS, a key task is also how to implement coarse alignment on a moving base, which is the subject of this paper.
Various methods for in-flight coarse alignment have been researched recently. The conventional methods use an appropriate Kalman filter to estimate the initial attitude based on a linearized error model [5] [6] [7] or non-linear model [8] [9] [10] with large heading uncertainty. Contrary to the rapid response requirements, these methods require much time to converge to a stable value. Complicated non-linear computation introduced by an advanced filtering technique also imposes a heavy burden on the airborne small-scaled embedded processor of UAVs. Aggarwal et al. and Shin and El-Sheimy. use flightpath angle as the initial heading angle along with the leveling angles obtained statically as in-motion coarse alignment for land vehicles.
11À13Þ Since non-holonomic constraints always exist in land applications, highly accurate coarse alignment for land vehicles can be acquired. However, this cannot be applied to flight situations due to complicated flight dynamics (e.g., large sideslip or maneuver) and air disturbances. Another in-flight coarse alignment method uses IMU and GPS measurements based on velocity/position integration formulae to compute the initial attitude recursively, 14) which is derived using solutions to Wahba's problem. Similarly, Silson proposes a coarse alignment for moving bases using a minimum variance fit between measured accelerations and known ones in the navigation frame. 15, 16) Both approaches transform the alignment into an optimization problem for finding the minimum eigenvector, thus obtaining an analytical solution without a parameter-tuning process. These two methods implement complex computation procedures and can obtain good initial attitude angles. [14] [15] [16] [17] [18] [19] However, the recursive approaches need a slightly longer time to finish the coarse alignment. Ma et al. constructed new auxiliary vectors using GPS measurements to solve the initial attitude matrix in navigation equations recursively as coarse alignment. 20) But it faces the difficulty of a long alignment time and needs to be demonstrated experimentally. These referenced works are mostly focused on in-motion or inflight alignment for airborne/ship-based SINS. However, research on in-flight coarse alignment for low-cost MEMS-SINS is still rarely documented in published works.
Motivated by the work mentioned above, 11, 13, 20) this paper proposes an in-flight coarse alignment method with the aid of GNSS in an analytical way. High-precision position and velocity measurements from GNSS as well as specific force from MEMS-IMU (MIMU) are needed to construct new vectors, which help calculate the attitude matrix in the GNSS update rate. The in-flight coarse alignment approach is also evaluated by flight tests. The contents are organized as follows. In Section 2, the alignment problem is presented mathematically for a low-cost MIMU. Section 3 develops a new in-flight coarse alignment aided by GNSS. Flight test results and conclusions are given in Sections 4 and 5. The contribution of this paper is to provide an effective way to solve SINS coarse alignment on a flying base for MEMS-based navigation in-flight applications.
Problem Statement
According to the Newtonian mechanics principle, the velocity vector of a vehicle in the n-frame satisfies equations such as Eq. (1),
where _ v * n represents the total acceleration of the vehicle in the n-frame; v * n represents the velocity in the n-frame; and f * n is the specific force referenced in the n-frame, which is obtained by the rotation of specific force f * b in the b-frame.
Since the precision of GNSS velocity can be up to the cm/ sec level, the precision of averaged acceleration obtained by the GNSS velocity difference between two adjacent epochs can reach the cm/sec/sec level. So v * n and _ v * n can be determined precisely by GNSS. The relationship between f * b and f * n , as well as the relationship between v * b and v * n , can be depicted using the quaternion method as follows:
with only four unknowns (i.e., q 0 , q 1 , q 2 and q 3 ). Then, a nonlinear equation set reflecting the attitude relationship between the b-frame and n-frame is established with four independent equations from the seven equations above.
An analytical solution for the highly nonlinear Eq. (8) is difficult to obtain. Usually numerical calculation or optimization methods are adopted to solve it. That is to say, intelligent computing methods such as a simulated annealing algorithm (SA), genetic algorithm (GA) or particle swarm optimization algorithm (PSO) can be adopted to solve the optimal solution. However, the heavy computation burden undermines real-time performance in applications, and the final solution is easy to fall into a local optimum. In order to solve Eq. (8) in high-dynamic applications in real-time and with reliability, it is necessary to replace Eq. (8) with another combination from Eqs. (5) and (6) .
Different from land vehicles, an aerial vehicle rarely moves with zero sideslip velocity. Hence, this velocity component can be depicted as slip . Then, Eq. (6) can be simplified as follows:
ð9Þ Putting Eqs. (5) and (9) together, a nonlinear equation set which is equivalent to Eq. (8) is established.
Then, the analytical solution for Eq. (10) can be derived, which is easy to implement in real-time in engineering. The derivation will be presented in the next section.
Principle of In-flight Coarse Alignment Method
In order to obtain the initial MIMU attitude properly, nonlinear equations for unknown initial attitude are established by full use of MIMU measurements, GNSS information and flight conditions. Its analytical solution can be derived and directly used for subsequent fine alignment without the process of Kalman filtering [5] [6] [7] or iterative algorithms.
14-20)
Mathematical formulation
The analytical solution of Eq. (10) was acquired based on a clever two-stage rotation process instead of solving nonlinear equations directly. The Euler theorem tells us that the b-frame can coincide with the n-frame by rotating the angle of ¢ around a specific unit vector e * 0 . This frame rotation is denoted by q n b , as shown in Fig. 1 , meaning the unit vector f * 0 n in the n-frame can coincide with the unit vector f * 0 b in the b-frame by rotating q n b . In order to determine the initial attitude from b-frame to n-frame, a group of non-coplanar vec- is the rotation that makes the b-frame coincide with the n-frame, which is the initial attitude relationship between the b-frame and n-frame (i.e., q n b ). The initial attitude can be solved by converting the rotation into the superposition of two rotations, as shown in the right part of Fig. 1 . The analytical solution can be obtained using this two-stage rotation method.
The first rotation makes the triad f n is the unitization of f * n in Eq. (1) using GNSS information.
The second rotation makes f * b0 ; v * 0 ; f * b0 Â v * 0 rotate the angle of ¡ around the vector f * b0 (shown in Fig. 3 ), which is depicted as q n f . According to the geometric relationship in Fig. 3 , the quaternion representing the second rotation can be obtained. 
Considering gravity on the surface of the Earth is a relatively large quantity. It is assumed f z 6 ¼ 0 (i.e., flying-wing aerial vehicle cannot be in a completely gravity-free condition due to aerodynamic force) to obtain v z ¼ ðc À f x Á v x Þ=f z . Substitute v z and transform Eq. (22) as follows:
Under the condition of f
, the solutions for Eq. (22) exist.
The geometric meaning of the solutions in Eq. (22) Fig. 1 . The rotation of frames: from b-frame to n-frame.
Trans. Japan Soc. Aero. Space Sci., Vol. 59, No. 1, 2016 (1) The velocity component along the aircraft's body frame is usually pointed towards the front (i.e., the first element of v * b should be positive);
(2) The attack angle of an aerial vehicle is positive when maneuvering without large sideslip (i.e., the third element of v * b should also be positive); and (3) The flight-path angle (i.e., the angle between the north direction and the velocity projection in the level plane) should be close to the heading angle when the vehicle is operating without large sideslip.
Based on the above movement constraints, the correct solution for Eq. (22) can be obtained.
f is determined using Eqs. (17)- (20) .
After these two rotations, two vector triads will coincide with each other, while the b-frame and n-frame do not coincide but returning to the original orientation. The quaternion q n b can be acquired using Eq. (26), which represents the attitude information from the b-frame to n-frame at every GNSS time. 
Practical considerations
Using the measurement outputs from the MEMS-based accelerometer and GNSS velocity information, the proposed method can complete in-flight coarse alignment for low-cost MIMU directly without recursion or filter tuning. Since the accuracy of GNSS velocity (usually cm/sec) is almost the same level as measurement noise, it is better to perform this in-flight coarse alignment algorithm when velocity is larger than a certain level (e.g., 1 m/sec or more).
Moreover, the algorithm demands that the vehicle's specific force in the b-frame cannot be a zero vector (i.e., complete weightlessness). In such case, the algorithm solution is meaningless due to the arbitrary direction of zero vectors. But this situation rarely exists for flying-wing aerial vehicles due to the aerodynamic force exerted on the aircraft. Another key point underlying the algorithm is that the sideslip velocity component is known or determined in advance, which may be hard to acquire. Obviously, false sideslip velocity will deteriorate the precision of attitude obtained by in-flight coarse alignment. In the next section, flight data will be used to test the proposed in-flight coarse alignment and determine a sound sideslip value v slip .
Test Flight
In order to verify the performance of the proposed algorithm, a test flight was designed and carried out. In the field test, a low-cost MIMU, model ADIS16405, was used to collect inertial data, and its noise characteristics are listed in Table 1. It can be seen from Table 1 that the ADIS 16405 is of consumer-grade in performance. Real-time kinematic (RTK) positioning is adopted for position and velocity references. In order to realize the RTK scheme, two prototype receivers equipped with a HX-BS581A (Harxon) GNSS multi-frequency antenna and data transfer radio (DTR) based on OEMV-5 (NovAtel) are used to act as the base and rover stations. The rover receiver processes its observations and data from DTR to compute the RTK results and integrate them with the MIMU data, thus providing position and real-time attitude references. The base receiver uses its DTR to transmit the GNSS observations from its GNSS antenna located at a known position. The GNSS data rate is 1 Hz, while the update rate for the MIMU is 50 Hz. A small hand-launched flying-wing equipped with the prototype navigation system is flying in a relatively high-dynamic motion as the rover station. The test equipment is shown in Fig. 5 . It shows that the RTK/MIMU integrated prototype system is appropriate for small UAVs that have strict mass, size and power requirements.
The field test was conducted in an open area without GNSS signal blockage. Specifically, it was carried out on the Moon Island (in Changsha) in 2014, about 10 km away from the base station fixed on the top of the Aerospace Engineering Building, NUDT. Clockwise and anti-clockwise circular movements are chosen as the main maneuvers to enhance the observability of the inertial system error states in the Kalman filter (i.e., position error, velocity error, attitude misalignment and inertial sensor error), which could improve estimation accuracy and accelerate the initial alignment process. 1, 21, 22) In the following subsection, the flight experiment is discussed and analyzed. The coarse alignment results are compared with a corresponding reference (i.e., RTK/MIMU integrated navigation results) to evaluate the performance of the proposed algorithm.
Flight analysis
The test trajectory is shown in Fig. 6 , in which the computed trajectories from RTK/MIMU integrated navigation results and a five-frequency GNSS-RTK reference are presented. The RTK/MIMU integrated results provide real-time attitude and velocity references to analyze the influence of sideslip in flight. The test flight includes relatively high dynamic motion. The maximum velocity of the UAV is 115 km/hour, while the maximum sideslip velocity is about 48 km/hour. Here special attention is paid to the ratio of sideslip velocity to total velocity slip , not the absolute sideslip velocity itself. Using the post-processed attitude matrix and velocity, the ratio slip can be calculated. The mean of slip in the experiment is ¹0.1087, with a standard deviation of 0.2396. Figure 7 is the histogram of slip . In Fig. 6 , the green dots mean the flight time when j slip j < 0:2, and the yellow dots mean the UAV flies with 0:2 j slip j < 0:5. The red dots mean the flight trajectory with j slip j ! 0:5. The red dots are mostly distributed at the flight sections where large and sudden maneuvers take place.
Both Fig. 6 and Fig. 7 demonstrate that non-holonomic constraints of land vehicles do not hold true for aerial vehicles. However, it is obvious that the UAV flies with little sideslip during the take-off/landing process or quasi-equilibrium flight. Based on the above fact, it is reasonable to assume v slip ¼ 0, which is a compromise in engineering when the velocity of sideslip or the ratio slip cannot be measured, thus simplifying the problem greatly. Under this assumption, it is beneficial to avoid sudden or large maneuvers during inflight coarse alignment, which only costs two GNSS epochs. This is also easy to implement with minimal movement constraints for the UAV.
In-flight coarse alignment results
The coarse attitude can be obtained by applying the proposed algorithm to the data collected at every RTK epoch during the test flight. Taking the attitude obtained from Kalman filtering post-processing as the reference value, the attitude errors of the coarse alignment algorithm in the test flight can be acquired by comparing the coarse attitude and reference attitude, as shown in Figs. 8 and 9 .
In Fig. 8 , blue dots are the attitude calculated by the proposed algorithm at every GNSS epoch during the test with the assumption v slip ¼ 0, while green dots are obtained with known v slip using the proposed in-flight coarse alignment. The red dashed line is the real-time attitude acquired by the RTK/MIMU integrated algorithm as the reference. Both results are close to the reference attitude, but the introduction of known v slip improves the yaw result significantly, especially when the UAV is in large maneuver operations, while Trans. Japan Soc. Aero. Space Sci., Vol. 59, No. 1, 2016 there is a slight improvement in level angles. Figure 9 compares the errors of the proposed algorithm results with the references in two situations. It shows that inflight alignment with known v slip is better than the one with the assumption v slip ¼ 0. The latter will cause a linear error in yaw determination with the sideslip/total-velocity ratio. By statistical analysis of the errors above, the precision of the proposed coarse alignment algorithm in the test flight is listed in Table 2 . What is worth mentioning here is that, as the ratio slip increases above 0.5, the systematic error is too large to guarantee a sound coarse alignment. As listed in Table 2 , for the proposed algorithm with assumption v slip ¼ 0, it can achieve 11.5 deg (1) accuracy for heading, and 5.7 deg (1) accuracy for level angles (i.e., roll and pitch) when j slip j < 0:2. The assumption is also easily fulfilled during the take-off or landing phase, as shown in Fig. 6. 
In-flight alignment results
The coarse attitude obtained by the method above is then used to test its effectiveness in fine alignment. As shown in Fig. 10 , the 200-sec red segment, which starts from an arbitrary point in the take-off process, is chosen as the test segment. The RTK/MIMU flight trajectory (blue line, 50 Hz) and RTK trajectory (black dashed line, 1 Hz) are shown in Fig. 10 . The red section starts with the ascending phase in take-off operation and then undergoes large maneuvers. The velocity profile for the red section is shown in Fig. 11 .
The RTK/MIMU integrated attitude result is used as the reference. In order to test the validity of the algorithm, here the proposed algorithm with zero-sideslip assumption provides a coarse attitude at the starting point of the red segment for the subsequent fine alignment. The in-flight fine alignment adopts classic 15-state extended Kalman filtering.
11)
The whole alignment is implemented in-flight, and the attitude estimates as well as errors against the reference are plotted in Figs. 12-14 .
The heading and pitch errors obtained by the proposed inflight coarse algorithm are less than 5 deg, while the roll angle error is about 14 deg. However, this coarse attitude is still sound for the fine alignment afterwards. The in-flight fine alignment heading error is reduced to about 1 deg in 80 sec (the sudden drop in Fig. 14 at 23 sec is due to Euler angle singularity), and it takes less than 60 sec for leveling angles (i.e., roll and pitch) to converge into 1 deg. It can be seen that the alignment performance of the proposed algorithm makes it possible to implement in-flight alignment or system fault recovery on the moving base of small UAVs. Trans. Japan Soc. Aero. Space Sci., Vol. 59, No. 1, 2016 The performance of the proposed coarse alignment approach is accurate enough to be used for subsequent fine alignment in practical unmanned aerial applications.
Conclusions
A sound coarse attitude is important for Kalman filteringbased fine alignment in order to achieve reliable and satisfying results. It is also a challenge to acquire a rough initial attitude for low-cost SINS when the carrier is moving. In order to tackle this problem and strengthen the rapid response capability of small UAVs, this paper proposes in-flight coarse alignment aided by GNSS to solve the initial attitude based on quaternion manipulations. Velocity and its variation information from GNSS and specific forces from MIMU are used to obtain an analytical initial attitude at a rate synchronized with GNSS update. A test flight is devised to evaluate the new algorithm. The results indicate that, even with a simplified assumption, the proposed algorithm can still achieve 11.5 deg (1·) accuracy for heading and 5.7 deg (1·) accuracy for level angles (i.e., roll and pitch). As a nice in-flight coarse alignment, it can guarantee accurate and reliable fine alignment afterward. Trans. Japan Soc. Aero. Space Sci., Vol. 59, No. 1, 2016 
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